. Generation of Agrin-Deficient Mice (a) Structure of the agrin protein (line 1) and gene (lines 2 and 3), the targeting vector (line 4), and the predicted product of homologous recombination (line 5). In line 1, open boxes indicate follistatin-like repeats, hatched boxes indicate laminin-like globular domains, boxes numbered 1-4 indicate EGF repeats, and boxes labeled ST indicate serine/threonine-rich regions. Sites of alternative splicing are indicated as (x), (y), and (z). In the targeting vector, a cassette containing a gene for neomycin resistance replaced exons 32 and 33, whose inclusion at site z increases clustering activity by ‫-0001ف‬fold. Primers used for PCR screening are indicated by arrows, and exons spanned by the cDNA probes used for Northern analysis are underlined. E, EcoRI; H, HindIII; N, NotI; S, SphI; Sc, ScaI. (b) Southern blot analysis of EcoRI-digested genomic DNA. The 6.5 kb fragment present in wild-type mice was altered to 7.5 kb in the mutant.
(c) Northern analysis of total RNA. Probes derived from both ends of the mRNA hybridized to a major band of ‫2.8ف‬ kb in controls, as previously reported (Rupp et al., 1991) . This species was not detectable in the mutant. A minor band of ‫5.9ف‬ kb, which may represent incompletely processed transcript, was present in both controls and mutants. (d) Immunoblot of protein extracts using antibodies that recognize both z ϩ and z Ϫ forms of agrin. A Ն 400 kDa band is present in control tissue, as reported by Tsen et al. (1995) . Levels of this species are markedly reduced in the mutant. Bands at 200-300 kDa are nonspecific. (e and f) Sections of trunk muscle from a mutant embryo (f) and a littermate control (e), stained with anti-agrin. Position of AChR aggregates, assessed by double staining with btx, are indicated by arrows. In control embryos, agrin is present throughout the myotube basal lamina; its restriction to synaptic sites occurs only postnatally (Ferns et al., 1993) . Levels of both synaptic and extrasynaptic immunoreactivity are markedly reduced in the mutant. Bar, 10 m.
isoforms of agrin, referred to here as z-agrin, are exneomycin resistance (neo) gene ( Figure 1a ). This mutation was transferred to embryonic stem (ES) cells by pressed only in neurons, whereas nonneural cells, including glia and myotubes, express only B/z inserthomologous recombination, and two independent ES cell lines generated germline chimeras following injecnegative forms Hoch et al., 1993; Smith and Dowd, 1994) . Thus, neurons might tion into mouse blastocysts. Heterozygotes, which displayed no detectable abnormalities, were bred to obtain use z-agrin to influence synaptic differentiation of myotubes, whereas z-negative agrin might play other roles homozygotes. Southern analysis of DNA from homozygous mutant embryos confirmed disruption of the gene in diverse tissues.
In sum, data on the structure, expression, and bioac- (Figure 1b ). Because the z-insert encoding exons have been deleted from the genome, homozygous mutants tivity of agrin all support the notion that it plays a central role in regulating postsynaptic differentiation. However, cannot make z-agrin. Although all genomic elements required to encode agrin is only one of several agents that can cause AChR clustering in vitro and to date, no studies have adz-negative agrin are retained in the mutant, Northern analysis of RNA prepared from embryonic day (E)18 dressed the question of whether agrin is required for proper synaptic development in vivo. To critically test tissue failed to reveal detectable levels of agrin mRNA (Figure 1c ), suggesting that insertion of the neo gene the "agrin hypothesis" (McMahan, 1990) , we have generated and characterized agrin-deficient mutant mice. We interfered with transcription or transcript stability. Conshow here that neuromuscular differentiation is grossly sistent with this conclusion, immunoblotting and immudefective in these mice.
nostaining with antisera that recognize all agrin isoforms demonstrated dramatically reduced levels of agrin protein in mutant embryos (Figures 1d-1f) . Thus, the mutant Results described here is not only null for z-agrin but also a severe hypomorph for all forms of agrin.
An Agrin-Deficient Mutant
Homozygous agrin mutants appeared to develop norTo ensure inactivation of the neuron-specific z-agrin mally until the last fetal day (E18), but died in utero or isoform, we constructed a targeting vector in which the two exons that occupy the z site were replaced by a were stillborn. Of 163 E18 animals genotyped from 24 litters, 41 (25%) were homozygous mutants, indicating effects of agrin are not confined to a subset of muscles. However, total AChR levels in E18 mutant muscles, asthe absence of significant mortality at earlier stages. No mutant embryos were ever seen to move, suggesting sayed by binding of 125 I-␣-bungarotoxin to extracts, were 100%-150% of those in littermate controls (data not that disruption of neuromuscular function was primarily responsible for the perinatal lethality. Moreover, conshown). Thus, AChRs are synthesized at near-normal levels in agrin-deficient mice, but the level and pattern ventional histological analysis of E15 and E18 embryos failed to detect gross abnormalities in any tissues (data of AChR clustering are profoundly abnormal. The altered distribution of AChR clusters in the mutant not shown). Based on this phenotype, and on previous studies of agrin in vitro, we focussed on the neuromussuggested that the spatial relationship between pre-and postsynaptic structures might be disrupted. To test this cular junctions of agrin mutant mice. possibility, we double stained muscles with btx plus fluorescein-tagged antibodies to neurofilaments and Synaptic Disorganization synaptic vesicle proteins. This mixture of antibodies inTo begin our analysis of neuromuscular development, sures complete labeling of both terminal and preterminal we stained muscles from homozygous mutant E18 embryos and littermate controls with rhodamine-␣Ϫbun- control muscle (Figures 2a and 2b) . Moreover, clusters 13 5.80 Ϯ 0.34 (N) were scattered along the length of mutant myotubes,
The longest axis of btx-stained AChR clusters was measured from many myotubes bore no clusters, and some bore sev- tals), and hindlimb (gluteus maximus), indicating that portions of axons. In control muscles, each terminal visible in a single microscope field) in control myotubes, and 7-fold (from 0.3 to 2.1 per segment) in mutant myoarbor overlies an AChR-rich patch, and each AChRcluster is innervated (Figures 2c and 2d ). In the mutant, tubes. Qualitatively similar results, but higher levels of induction (‫-01ف‬fold), were obtained in two additional in contrast, many axons terminated blindly, with no subjacent AChR aggregate (Figure 2e ), and many AChR experiments. Thus, a drastic reduction in the level of endogenous zϪnegative agrin does not prevent myoclusters were uninnervated (Figure 2f ). These results support the hypothesis that axonally released z-agrin tubes from forming AChR clusters when challenged with exogenous z-agrin. triggers formation of postsynaptic specializations.
Although our initial impression was one of synaptic disorganization, axonal terminals were apposed to
Presynaptic Defects
We assessed patterns of neurite outgrowth in E18 diaAChR aggregates on a minority of mutant myotubes. In these cases, the axonal terminal profile corresponded phragm muscles stained with antibodies to axonal and nerve terminal antigens. Axons run through wild-type closely to the shape of the AChR aggregate, indicating that the apposition was not random (Figures 2g and 2h ). muscles in a central, intramuscular nerve. Individual axons leave the nerve and form branches that terminate Moreover, the average size of nerve-associated AChR aggregates was greater than that of aneural aggregates in synaptic arbors on the surface of myotubes ( Figure  4a ). Because few axons extend far from the intramuscu- (Table 1 , lines 5 and 6). One possible explanation for this finding is that axons seek a subset of preexisting lar nerve, most of the synapses are confined to an endplate band in the central third of the muscle. The main postsynaptic specializations. However, studies discussed above have shown the opposite, that AChRs nerve trunk was present in the mutant, and a substantial number of axons exited from it. However, few of the aggregate beneath the nerve (Anderson and Cohen, 1977; Frank and Fischbach, 1979) . Our results therefore axons that exited the nerve formed secondary branches or arbors. Instead, they ran long distances parallel to suggest that axons can cluster AChRs to a limited extent in a z-agrin-independent fashion. myotubes, eventually ending without apparent specialization ( Figure 4e ). Thus, patterns of intramuscular axoThe agrin hypothesis postulates that nerve-released z-agrin is responsible for clustering of AChRs. However, nal branching and arborization are aberrant in homozygous agrin mutants. muscles also synthesize agrin, which is z-negative (Bowe and Fallon, 1995) . Because muscle agrin levels
We next used electron microscopy to assess the differentiation of motor nerve terminals. Presynaptic differwere greatly decreased in the mutant (Figures 1e and  1f) , it was possible that the paucity of AChR clusters entiation is underway by E18 in control embryos: nerve terminals are usually capped by Schwann cell proresulted from lack of muscle rather than nerve agrin. To test this possibility, we cultured myoblasts from mutant cesses, often contain accumulations of synaptic vesicles, and occasionally bear active zones (Figures 4c and control embryos, allowed them to form myotubes, then treated them with recombinant z-agrin. Endogeand 4d). In the agrin mutant, in contrast, the majority of axonal profiles that abutted myotube membrane were nous agrin was abundant on the surface of myotubes in control cultures but barely detectable on mutant myovesicle poor and loosely associated with Schwann cell processes ( Figure 4h ). Some vesicle-rich terminal protubes (Figures 3a-3d ). Both mutant and wild-type myotubes formed small numbers of AChR aggregates in files were, however, encountered ( Figure 4i ). To assess the significance of this difference, we photographed all the absence of added agrin and large numbers in the presence of z-agrin (Figures 3e-3h ). In one set of culnerve-muscle appositions encountered in thin sections from intercostal muscles of three littermates-one tures, for example, agrin increased the number of aggregates 5-fold (from 0.5 to 2.4 per segment of myotube ϩ/ϩ, one ϩ/Ϫ, and one Ϫ/Ϫ. In this set of micrographs, 90% (45/50) of the ϩ/ϩ and ϩ/Ϫ junctions included at Postsynaptic Defects Although the effects of z-agrin are most often assayed least one axonal profile that bore >3 synaptic vesicles, whereas only 34% (26/76) of the Ϫ/Ϫ junctions conby its ability to cluster AChRs, agrin-induced specializations in cultured myotubes also contain numerous other tained such differentiated terminals. Together with the light microscopic observation that few terminal arbors components of the postsynaptic apparatus (Bowe and Fallon, 1995) . To ask whether these components aggrewere present in the mutant, this result suggests that presynaptic differentiation can occur in the absence of gated in the absence of z-agrin, we stained sections with antibodies to a panel of synaptic antigens, including z-agrin, but that its incidence is decreased.
To further characterize nerve terminals, we doubly two components of synaptic basal lamina (laminin ␤2 and acetylcholinesterase), two components of the substained sections of E18 muscle with btx plus antibodies to each of three synaptic vesicle-associated proteinssynaptic cytoskeleton (rapsyn and utrophin), and one component of the postsynaptic membrane (erbB3) (Hall SV2, synaptotagmin, and dynamin. Such antigens are initially diffusely distributed in axons, but become conand . Acetylcholinesterase was barely detectable in mutant muscle, but all of the other antigens centrated in nerve terminals by E18 (Lupa and Hall, 1989) . In control muscle, all AChR-rich patches of postwere concentrated in patches of the myotube surface, virtually all of which coincided with the AChR-rich aggresynaptic membrane were apposed by vesicle antigenrich terminal profiles (Figure 4b ). In mutants, the smaller, gates ( Figure 5 ). Moreover, all of the components were associated with both large and small aggregates, sugdimmer AChR clusters were aneural (Figure 4g ), but many of the largest, brightest AChR clusters were assogesting that both aneural as well as subneural AChR clusters were accompanied by synaptic components of ciated with vesicle protein-rich profiles (Figure 4f) . Thus, nerve terminals can become molecularly specialized in the plasma membrane, cytoskeleton, and basal lamina. This inference was confirmed by double staining with the absence of z-agrin. synaptic antigens plus a nerve terminal marker, SV2. Thus, in vivo as in vitro (Hall and Sanes, 1993) , myotubes can assemble a complex postsynaptic apparatus in the absence of the nerve.
Although the molecular architecture of the AChR-rich clusters was generally similar in control and mutant muscles, even nerve-associated clusters in the mutant were distinct in several respects from those in controls. First, AChR-rich patches of postsynaptic membrane were significantly longer in controls than in mutants (Table 1, . Second, the apparent AChR density (staining intensity) in the postsynaptic membrane was significantly higher in controls than in mutants. Third, the basal lamina of the synaptic cleft was frequently patchy at mutant synapses but continuous in controls (Figures 4c, 4d, 4h, and 4i) . Fourth, although most junctional folds form postnatally, a few were present at E18 control synapses (Figure 4d ; folds were seen at 12/50 or 24% of control junctions viewed in the electron microscope) but at no (0/76) mutant synapses. Fifth, as noted above, acetylcholinesterase was undetectable in most mutant muscles. Thus, postsynaptic specializations that form in the mutant are not only reduced in number but also abnormal in structure.
Another aspect of normal postsynaptic differentiation is that the few myonuclei directly beneath the postsynaptic membrane become transcriptionally specialized and express genes encoding synaptic proteins at far higher levels than extrasynaptic nuclei (Duclert and Changeux, 1995; Moscoso et al., 1995a) . Agrin does not detectably affect AChR gene expression in vitro (Bowe and Fallon, 1995) , but it seemed possible that its effects would differ in vivo. Accordingly, we assessed AChR subunit gene expression in two ways. First, we used in ␣-and ␦-subunit RNAs. AChR subunit mRNAs were (a, b, d , and e) Intercostal muscles were processed for in situ hybridreadily detectable in both mutant and control muscle, ization using a probe specific for the AChR ␣ subunit, then photobut whereas the mRNAs were concentrated near synap- tic nuclei preferentially accumulate nLacZ in mice bear- Diaphragm muscles from control (a-c) and agrin-deficient (d-f) embryos at E15 (a and d), E16 (b and e), or E18 (c and f) were doubly stained for AChRs and axons, then drawn with a camera lucida. Myotubes run vertically. In both wild-type and mutant muscles, an intramuscular nerve (black) and aggregates of AChRs (red) are present by E15. In controls, axonal branches and AChR clusters are confined to a central endplate band at all stages. In the mutant, AChR aggregates are smaller, less dense, and less numerous; axons form fewer but longer branches; and synaptic relationships are disorganized. Both pre-and postsynaptic defects are apparent by E15. Some of the dimmest, smallest AChR aggregates in mutant muscle are not shown. Bar, 100 m.
ing this transgene (Figure 6c ). In the mutant, some nuclei and Hall, 1989; Noakes et al., 1993 ; Figure 7a , this study). If a similar relationship were present initially in mutants, were intensely stained in the region of the intramuscular one might suspect that clusters become aneural benerve, but numerous nLacZ-positive nuclei were present cause axons retract from them. In fact, aneural clusters throughout the myotube (Figure 6f ). Thus, even though were present in mutants by E15 (Figure 7d ), and the AChR gene expression is agrin-independent in cultured proportions of aneural and subneural clusters did not muscle cells, transcriptional specialization of synaptic change substantially during the subsequent 3 days (Fignuclei in (Figures 7a-7c) . exerts its effects, we assessed the distribution of AChRs From the outset, the mutant branching pattern was aberand axons in whole mounts of E14-E18 diaphragms.
rant: although an intramuscular nerve trunk formed on First, we asked when AChR clusters appear. If clusterschedule, axons that left it extended parallel to the myoing were delayed in mutants, one might suspect that tubes, branched infrequently, and were significantly agrin is required to initiate postsynaptic differentiation.
longer than controls by E15 (Figure 7d ). The difference in In contrast, if clusters formed normally at the outset, nerve branching patterns between controls and mutants one might conclude that agrin exerts its effect at a later was maintained until birth (Figures 7e and 7f ). stage. In fact, AChR aggregates were present in E14 mutants, but they were smaller and less intensely Discussion stained than in the wild type (data not shown). This difference persisted throughout embryogenesis (Fig- Previous studies had shown that agrin is expressed by ures 7a-7c). Thus, we suggest that z-agrin and a second embryonic motoneurons and that native and recombiclustering mechanism act together throughout the penant agrin are capable of inducing AChR clustering on riod of synaptogenesis.
cultured myotubes (references in Introduction). Here, It was also informative to determine when aneural we have shown that postsynaptic differentiation is proAChR clusters appeared in mutant muscle. In controls, foundly impaired in agrin-deficient mice: nerve-associated AChR aggregates are fewer in number, smaller AChR clusters form only at or near axonal contacts (Lupa in size, and lower in receptor density on homozygous contact areas of the myotube that are either AChR-rich or predestined to become AChR-rich. In this unlikely mutant myotubes than on myotubes of littermate controls. Our results demonstrate that agrin is a crucial scenario, agrin's role might be to stabilize or promote maturation of the postsynaptic apparatus rather than to organizer of postsynaptic differentiation. It seems likely that lack of nerve-derived z-agrin is largely responsible trigger its formation. The existence of aneural AChR clusters on mutant for these defects, as predicted by the "agrin hypothesis" (McMahan, 1990) . Because all agrin isoforms are remyotubes is likely to be an indirect effect of defects in nerve-muscle interactions. Such clusters are frequently duced in the mutant, however, we cannot exclude the possibility that lack of muscle agrin also plays a role. For found on cultured myotubes, but disperse when the myotubes are innervated (Hall and Sanes, 1993) . Aneural example, reduced levels of muscle agrin might prevent axons from forming sufficiently stable contacts with myclusters are not ordinarily observed in vivo, presumably because the interval between myogenesis and innervaotubes to induce full postsynaptic differentiation. We hope to distinguish these alternatives by assessing syntion is short. Conversely, defective synaptogenesis in the mutant could lead to formation of aneural clusters. apse formation on mutant myotubes in vitro or following transplantation into wild-type hosts.
One possibility is that mutant myotubes form aneural clusters because they lack nerve-evoked electrical acIn addition to the striking defects in postsynaptic differentiation, four unexpected consequences of agrin detivity. Indeed, aneural clusters do form on innervated myotubes rendered inactive by chronic application of ficiency merit attention. First, some postsynaptic differentiation does occur. Second, numerous uninnervated action potential blockers. In paralyzed rodent embryos, however, aneural clusters appear three days later than AChR clusters form. Third, pre-as well as postsynaptic differentiation is defective. Fourth, transcriptional spenerve-associated clusters (Harris, 1981) , presumably reflecting the fact that activity-dependent regulation occialization of synaptic nuclei is impaired, although not abolished. We now discuss each of these results.
curs only after synapses have matured sufficiently to activate the muscle. Thus, the presence of aneural AChR The presence of a small but significant number of nerve-associated AChR aggregates on mutant myoclusters at E15, soon after synapse formation begins, argues that inactivity alone cannot be responsible for tubes suggests that nerve-associated organizing signals other than z-agrin can trigger postsynaptic differentheir formation. An alternative possibility is suggested by studies of cultured myotubes, in which nerve-induced tiation. Proteins known to be capable of inducing AChR clusters in vitro include basic fibroblast growth factor dispersal of aneural clusters is activity-independent and thought to involve cytoskeletal rearrangement (Kuromi and heparin-binding growth factor/pleitrophin (Peng et al., 1991 (Peng et al., , 1995 . These or related molecules might be and Kidikoro, 1984; Davey and Cohen, 1986) . Perhaps z-agrin mediates this long-range dispersal as well as responsible for the AChR clustering observed in the mutant. Alternatively, z-negative agrin, which can induce the local aggregation of AChRs. The perturbation of axonal branching patterns in AChR clustering in some assays (Ferns et al., 1992) , might play a role in postsynaptic differentiation. Arguing agrin-deficient muscle might reflect either impaired retrograde signaling from a defective postsynaptic apparaagainst the involvement of z-negative agrin are the observations that its levels are drastically reduced in the tus or a distinct effect of agrin. The latter alternative is supported by recent reports that agrin is adhesive for mutant and that it is present at similar levels in synaptic and extrasynaptic portions of the myotube surface. On neurons (Burg et al., 1995) and that both z-agrin and z-negative agrin can inhibit neurite outgrowth (Camthe other hand, recombinant z-negative agrin is most active in a cell-attached form (Ferns et al., 1993); perpagna et al., 1995) . These results raise the possibility that z-negative agrin suppresses the growth of axons haps the nerve presents z-negative agrin in a form that renders it more active than extrasynaptic, musclealong the myotube basal lamina and thereby plays a role (presumably along with synapse-specific signals) derived agrin. Yet another possibility is that axons can induce postsynaptic differentiation to a limited extent in confining axons to synaptic sites. In this scheme, deficiency of muscle agrin would promote excessive as a consequence of simple adhesion to the myotube surface, as suggested by several observations on culgrowth of axons along myotubes. On the other hand, extensive axonal sprouting is also seen in mice that tured myotubes, including the surprising result that charged latex beads induce formation of AChR aggrelack the AChR-associated cytoskeletal protein, rapsyn (Gautam et al., 1995) , and a candidate agrin receptor, gates on Xenopus myocytes (Peng and Cheng, 1982; Bloch and Pumplin, 1988) . Finally, it is formally possible MuSK (DeChiara et al., 1996) , both of which are expressed only in muscle. At least in the rapsyn mutant, that the axons have some propensity to innervate prespecified postsynaptic sites, as occurs during reinlevels of muscle agrin are not detectably reduced. Thus, the presynaptic derangement is likely to be, at least in nervation of adult muscle (Bennett and Pettigrew, 1976; Hall and Sanes, 1993) . Although it is generally accepted part, an indirect consequence of the muscle's failure to provide an appropriate synaptic site for the motor axon. that axons innervate embryonic myotubes at unspecialized sites (Bennett and Pettigrew, 1976) and then induce Interestingly, even though paralysis can elicit nerve sprouting in adult muscle (Brown et al., 1981) , paralysis postsynaptic differentiation (see Introduction), there have been claims that postsynaptic specializations deof rodent embryos has only subtle effects on nerve branching patterns (Harris, 1981; Houenou et al., 1990 ). velop at predictable sites in embryonic muscles rendered aneural by axotomy or removal of the neural tube
The failure of retrograde signaling is therefore likely to result from lack of a specialized postsynaptic apparatus (e.g., Harris, 1981) . Thus, the association of axons with AChR clusters could arise because axons preferentially rather than merely from insufficient neurotransmission. brane results not only from redistribution of AChRs in
To detect agrin protein, heads of E18 embryos were homogenized the plane of the membrane but also from preferential and sonicated in calcium-and magnesium-free Hank's saline consynthesis of AChRs in synaptic areas. Localized synthetaining 0.5% Triton X-100 plus a cocktail of protease inhibitors.
sis, in turn, results from selective transcription of AChR
Aliquots of a low-speed supernatant containing 100 g total protein were probed on Western blots with antiserum to recombinant agrin subunit genes by subsynaptic nuclei (Merlie and Sanes, (Sugiyama et al., 1994 (Sugiyama et al., ). 1985 Duclert and Changeux, 1995 press ARIA, and erbB kinases are concentrated in the dissected, cleaned of connective tissue, and incubated overnight postsynaptic membrane (Carraway and Burden, 1995) .
at 4ЊC in 1 g/ml btx (Molecular Probes) in PBS containing 10 mg/ Synaptic nuclei do become transcriptionally specialized ml bovine serum albumin (BSA). The muscles were then washed in in rapsyn-deficient mice, which fail to cluster AChRs PBS. In some cases, small bundles of myotubes were isolated from (Gautam et al., 1995) . This difference between the agrin the muscle using fine needles. Whole muscles or muscle bundles were mounted between coverslips in 90% glycerol/10% PBS, conand rapsyn mutants raises the possibility that agrin actitaining para-phenylenediamene to retard fading.
vates two distinct signaling pathways, one leading
To simultaneously detect AChRs and axons, this procedure was through rapsyn to AChR clustering, and the other modu- lon, 1995). The mutant described here should be useful Sources of antibodies were as follows: Anti-acetylcholinesterase, for testing this hypothesis.
anti-SV2, and anti-synaptophysin were gifts of Dr. T. Rosenberry (Case Western Reserve University, Cleveland, Ohio), Dr. K. Buckley (Harvard Medical School, Boston, Massachusetts), and A. Czernik Experimental Procedures (Rockefeller University, New York, New York), respectively. Antibodies to laminin ␤2, erbB3, rapsyn, and utrophin are described in Generation of Mutant Mice previous publications from our laboratory (Noakes et al., 1993 (Noakes et al., , 1995 ; The targeting vector was constructed from a mouse Agrn genomic Moscoso et al., 1995b) . Rabbit anti-neurofilament antiserum was clone characterized by Rupp et al. (1992) . The long arm of homology purchased from Sigma. Rabbit antiserum to recombinant agrin, was a 2.7 kb SphI genomic fragment directly upstream of exon 32, which reacts equally well with z-positive and z-negative isoforms, and the short arm was an ‫1.1ف‬ kb ScaI-HindIII fragment directly is described in Sugiyama et al. (1994) and was generously provided downstream of exon 33 (Figure 1a, line 3 ). These fragments were by Drs. J. Sugiyama and Z. Hall (National Institutes of Health). This inserted into cloning sites flanking the PGKneo cassette from the antiserum was generated to a recombinant fragment encoded by a vector pPNT (Tybulewicz et al., 1991) . The vector (Figure 1a, line 4) cDNA (underlined in Figure 1a ) that extends ‫2ف‬ kb ‫06ف(‬ kDa) 5Ј of was subcloned into pBluescript SKIIϩ (Stratagene) and linearized the site at which the gene was disrupted in the mutant. The antisewith NotI or ClaI. Thus, the mutant gene lacked the 743 bp SphI-ScaI rum would therefore be expected to recognize proteins truncated fragment containing exons 32 and 33, which encode the inserts that at the site of neo insertion. are alternatively spliced at the "z" site ( Figure 1a, line 5) . The mutated For in situ hybridization, rib cages and diaphragms were fixed in gene was transferred to R1 ES cells (Nagy et al., 1993) by electropor-4% paraformaldehyde, cryoprotected in sucrose, frozen, and secation, and putative homologous recombinants were isolated by doutioned en face. Sections were hybridized with 33 P-labeled cRNA ble selection with G418 and FIAU. Chimeras from two independently probes ‫2ف(‬ ϫ 10 6 cpm/section), then treated as described by Mosderived ES cells gave rise to heterozygous and then homozygous coso et al. (1995a) . The sections were stained through the emulsion mutants. The phenotypes of the two lines were indistinguishable, with toluidine blue, then mounted and photographed with brightand results obtained with both lines are presented together.
and dark-field optics. For ultrastructural study, muscles were fixed in 4% glutaraldehyde Molecular Analysis and 4% paraformaldehyde in 0.1 M cacodylate buffer, washed, and For Southern analysis, genomic DNA from whole E18 embryos was fixed in 1% OsO4, dehydrated, and embedded in resin. Thin sections digested with EcoRI and probed with a 32 P-labeled HindIII-NotI fragwere stained with lead citrate and uranyl acetate. ment of the agrin genomic clone. The probe lies entirely outside the genomic sequences in the targeting vector and thereby provides a stringent test of homologous recombination.
Transgenic Mice
Mice bearing an AChR ␥-nuclear lacZ transgene (Gautam et al., For Northern blotting, RNA was isolated from heads of E18 embryos, and 20 g aliquots of total RNA were loaded per lane. Filters 1995) were mated to agrin heterozygotes, and double heterozygotes were then backcrossed to agrin heterozygotes. Offspring of these were hybridized with probes encoding either the NϪterminal 1.1 kb matings were taken at E18. Muscles were fixed and stained for LacZ Duclert, A., and Changeux, J.-P. (1995) . Acetylcholine receptor gene expression at the developing neuromuscular junction. Physiol. Rev. as described by Sanes et al. (1991) .
75, 339-368.
Cell Culture
Fallon, J.R., and Gelfman, C.E. (1989) . Agrin-related molecules are Mononucleated cells were dissociated from hindlimbs of E18 emconcentrated at acetylcholine receptor clusters in normal and aneubryos, plated on gelatin-coated glass coverslips, and cultured in ral developing muscle. J. Cell Biol. 108, 1527-1535. Dulbecco's modified Eagle medium containing 10% horse serum Ferns, M.J., Hoch, W., Campanelli, J.T., Rupp, F., Hall, Z.W., and and 5% newborn calf serum. After 2-3 days, cells were switched to Scheller, R.H. (1992) . RNA splicing regulates agrin-mediated acetylmedium containing 2% horse serum and no calf serum, to promote choline receptor clustering activity in cultured myotubes. Neuron 8, fusion of myoblasts into myotubes. After an additional 2 days, a 1079-1086. soluble, C-terminal recombinant fragment of agrin (x ϭ 12, y ϭ 4, Ferns, M., Campanelli, J.T., Hoch, W., Scheller, R.H., and Hall, Z.M. z ϭ 8 form; Ferns et al., 1993) was added to some cultures. Then, (1993) . The ability of agrin to cluster AChRs depends on alternative 18 hr later, all cultures were fixed and stained with btx or anti-agrin splicing and on cell surface proteoglycans. Neuron 11, 491-502. as described above.
Frank, E., and Fischbach, G.D. (1979) . Early events in neuromuscular junction formation in vitro. Induction of acetylcholine receptor clus
